A global warming response, interannual variability, and their relationship have been examined on mid-winter storm-tracks, using a high-resolution atmospheric general circulation model. In the western Pacific, global warming makes the storm-track stronger and the westerly jet weaker, closely related to the leading mode of the storm-track variability. Much projection onto the leading mode is also realized for the global warming response in the Western Hemisphere; the storm-track is suppressed along with weaker zonal wind there at least in this model. It is therefore found that there are two types of interannual variability of storm-tracks (one for the western Pacific and the other for the Western Hemisphere), both mostly explain the global warming response.
Introduction
The storm-track, where the synoptic-scale eddy activity is large, together with a stationary-eddy trough located in its upstream characterizes the wintertime climatology in the Northern Hemisphere upper troposphere ( Fig. 2a ; Blackmon et al. 1977) . The Pacific stormtrack activity attains a local maximum downstream of the stationary-eddy trough over the Northwest Pacific. The Atlantic storm-track is also located slightly downstream of the stationary trough. Such horizontal distribution of the storm-tracks is mostly explained by the linear baroclinic instability theory (Frederiksen 1982) , which demonstrates that baroclinic eddies well develop under the strong vertical westerly shear, usually located in the equatorward (poleward) of a stationary trough (ridge). Lee (2000) moreover explains the termination of the storm-track in terms of barotropic energy conversion; eddies return their kinetic energy to the background flow. The terrestrial friction by the Rockies might also be important for the Pacific storm-track (Chang and Orlanski 1993) .
Embedded in such wintertime climatology, the interannual variability of the storm-track is almost coherent with the variability of the quasi-stationary flow. Lau (1988) performed the empirical orthogonal function (EOF) analysis for storm-track variability in the Pacific and the Atlantic. They found that, in the first Pacific and second Atlantic modes, the storm-tracks tend to be enhanced (suppressed) when the stationary trough (ridge) anomaly is located north of the storm-track. The second Pacific and first Atlantic modes pick up the variability of the northsouth shift of the storm-track axis. All these modes and associated stationary flow are consistent with the linear baroclinic theory. They are furthermore related to large-scale teleconnection patterns; for example, the two latter modes correspond to the Pacific/North American pattern and the North Atlantic Oscillation, respectively (Wallace and Gutzler 1981) .
In contrast with such large-scale variability with a large amplitude, another type of variability is dominant in the western Pacific during mid-winter, presumably owing to the existence of the very intense jet core. The leading variation, contrary to the baroclinic instability theory, corresponds to the active (inactive) storm-track with the weak (strong) jet core to its southwest (Nakamura et al. 2002) . Even in climatology, the storm-track, preferring the modest westerly, is most active in autumn and spring and rather less active in mid-winter. This is called the mid-winter suppression (Nakamura 1992 ). This signal is peculiar to only the western Pacific but was missed in Lau (1988) . This study aims to contrast the leading interannual variations of the storm-tracks in the Western Hemispheric side (the eastern Pacific and the Atlantic) with that in the western Pacific, and to examine the relationship between these variations and the global warming response estimated using an atmospheric general circulation model (AGCM). For clarity, we in this paper focus storm-tracks and zonal wind in the Northern Hemisphere upper troposphere (300 hPa) in mid-winter (January to February).
Model experiments
The model used is the CCSR/NIES/FRCGC 1 AGCM 5.7b with the T106 ( 100 km gridsize) horizontal resolution and 56 vertical levels. The AGCM contains the primitive equations with physical parameterizations of radiation, cumulus convection, large-scale condensation, vertical diffusion, surface hydrological processes, and gravity wave drags. For details, see Numaguti et al. (1997) and Kimoto (2005, in preparation) .
We first performed three 20-yr (1979 98) integrations from different initial conditions with the same observed sea surface temperatures (SSTs; TC; contour of (1) where m is integration label and T m denotes the SST increments with the global warming that should be estimated. Here we use results of global warming scenario experiments performed by different atmosphere-ocean coupled models 2 . The SST increments T m are the climatological SST difference between 1979-98 and the period when CO2 is almost doubled in each scenario experiment, with a correction to remove the effect of the climate sensitivity difference among the models. The sea ices are adjusted using T m D . The SST increment, T m , is almost 2 3 K except for the polar region (shadings of Fig.  1 ). Moreover SST variability is provided identically with C [Eq. (1)]. The SST differences among these seven integrations are quite small in the tropics and at most 2 K in high latitudes (not shown). We can therefore regard these integrations as an ensemble (hereafter D). The global warming response in this paper represents the difference between D and C.
Climatologies
The AGCM used reproduces the wintertime climatology quite well. The contours in Fig. 2b show the 300-hPa synoptic-scale 3 eddy kinetic energy (EKE) for C. The storm-tracks are located over the Pacific and Atlantic, quite similar to the observation ( Fig. 2a ; Blackmon et al. 1977) , except for an underestimation from Labrador to Norway Seas. The 300-hPa zonal wind distribution is shown by the shadings in Fig. 2b . As in the observation (Fig. 2a) , the jet cores are located over Japan and east US. Compared with the observation, however, the Atlantic jet extends to the eastward rather than northeastward. This is probably related to the bias of the storm-track described above. Figure 2c displays the global warming response of the storm-track and zonal wind. In D, the 300-hPa storm activity is suppressed in most of the places, i.e., the eastern Pacific, the Atlantic, and the Mediterranean to the Middle East. Zonal wind response to the global warming shows stationary easterly from the west coast of US to western Europe, where the EKE decreases in response to the global warming. The storm-track suppression in most places is related to such stationary flow change. In the western Pacific, in contrast, the storm activity (40°N, 140°E
) is enhanced with the weakened westerly jet (30°N, 130°E) in its upstream in response to the global warming. Figure 3a shows the synoptic-scale EKE averaged over the storm-track axis for each D's member. In the eastern Pacific, the EKE for the strongest minus weakest members is about 20 m 2 s 2 , but the EKE for the other members ranges between 95 105 m 2 s 2 . In the other areas, storm-track difference among the ensemble members is also enough small and is less than its interannual variability (not shown; cf., Fig. 3b for C's case). Figure 3b shows the root-mean-square of the midwinter interannual variability of the 300-hPa synoptic-scale EKE for C. This shows two clear maxima in the eastern Pacific and in the Atlantic. In the above description, it is suggested that an atmospheric behavior in the western Pacific is quite different from those in the eastern Pacific and the Atlantic. We therefore separate the western Pacific from the other regions in the following EOF analysis for the interannual storm-track variability. We now set the western Pacific (WP) area of 105°E 150°E by 20°N 80°N and the Western Hemisphere (Whem) area of 180° 0°by 20°N 80°N (Fig. 3b) . The WP region is slightly narrower than Nakamura et al. (2002) , but the following results basically hold when we use a slightly different WP area definition. Hereafter the principal component (PC) of the n-th mode its associated EOF pattern are called PCn (normalized time series) and EOFn (dimensional spatial distribution), respectively. Figure 4a shows a regression map upon the PC1 (the associated variance fraction is 43.9%) of the storm-track variability in the WP. This shows that, when PC1 is unity, synoptic-scale EKE increases by 20% around Japan the jet is weakened and broadened around its core (25°N 35°N). The first mode then features the coexistence of stronger (weaker) jet and less (more) active storm-track. Since the first mode has much more variance, of less importance is the EOF2 (15.7%) that represents a northward/southward shift of the storm-track axis around Japan (not shown). We note that the EOF1/2 of zonal wind (not shown) are quite similar to the zonal wind regressed upon EOF1/2 of the storm-track (cf., Fig. 4a) .
Interannual variability

Leading modes
Figures 4b and 4c show the leading mode of the WP storm-track based upon the 1979-93 ERA-15 data (a similar analysis in Nakamura et al. 2002) . The spatial pattern is quite similar to the C's EOF1, though no clear trend in any members of C is contrasted with a clear recent trend in the observation. This provides an evidence that the AGCM well reproduces variability as well as climatology. Figure 5a shows a regression map upon the PC1 (20.4%) of the storm-track variability in the Whem. When the PC1 is unity, in the Atlantic, the synoptic-scale EKE decreased by 15% and the jet is weakened. In the eastern Pacific, while the storm activity and westerly jet in 45°N 50°N are weakened, the subtropical jet along 30°N extends eastward. This mode is therefore characterized by the coexistence of stronger (weaker) jet and more (less) active storm-track. As in the WP, the first mode has more variance than the second mode (14.6%), which represents the north-south movement of the storm-track axis and the jet stream (not shown). These modes could be obtained from the observation; e.g., the first mode resembles the first Pacific and the second Atlantic mode in Lau (1988) .
Relationship to global warming
Here we estimate the relationship between the global warming response and the leading modes of interannual variability, both in the WP and Whem cases. For convenience, we again show the global warming response in Figs. 4d and 5b, corresponding exactly to the results already shown in Fig. 2c . For the WP storm-track, the global warming signal apparently corresponds to a positive phase of the EOF1 of C (contour of Figs. 4a and 4d) . The correspondence between them holds in the zonal wind west of 150°E and south of 50°N (shadings of Figs. 4a and 4d). The correspondence between them holds in the zonal wind west of 150°E and south of 50°N (shadings of Figs. 4a and 4d) . The inconsistency in the zonal wind map especially east of 150°E may be caused by a large amount of fluctuations in the eastern Pacific. The inconsistency north of 50°N is perhaps caused by the fact that zonal wind in higher latitudes might be affected by the extreme polar temperature increase in the global warming response that may be independent of the local dynamical intrinsic mode. For the Whem storm-track, the global warming signal also resembles a positive phase of the EOF1 of C (contour of Fig. 5 ). The correspondence holds in the zonal wind distribution (shadings of Fig. 5 ). The inconsistency between global warming and intrinsic mode patterns west of 150°W is presumably caused by fluctuations that are peculiar to the western Pacific and completely different from the Whem area (see section 4.1).
For quantitatively discussing the relative importance of the leading modes of C to the global warming response, we will project the storm-track climatology in D, d, onto the normalized EOF-i of C, e˜i, as: (2) where is longitude, is latitude, d is the area element, and is the integration domain (WP or Whem). Figure 6 shows bi for the WP and Whem, omitting i 9 for smallness. In the WP, b1 is much larger than bi (i 2). The large positive b1 here means that the storm-track is enhanced in response to the global warming response (Figs. 4a and 4d) . Similarly in the Whem, b1 is much larger than bi (i 2). The large positive b1 means that the storm-track is suppressed in response to the global warming (Fig. 5) . In both cases, b3 and b5 are slightly larger than the other higher modes, because of an adjustment of the partial difference between the global warming response with the first mode. This analysis clearly shows the relative importance of the leading mode both for the WP and the Whem to the global warming response.
Discussion
We have examined the storm-track in response to the global warming and compared with its leading mode of current climate, using a high-resolution AGCM. Both in the western Pacific and in the Western Hemisphere, we found that the global warming response could be interpreted by the leading mode of current climate. Looking at the projections of global-warming-ensemble stormtrack onto the leading mode (Fig. 6) , the global warming signal is almost a positive phase of EOF1, both in the western Pacific and in the Western Hemisphere side, at least in our model. We speculate that our study may be partially linked with Palmer (1999) 4 . We have already known some aspects of the global warming response. The global warming forcing increases tropical temperatures in the upper troposphere that would strengthen the subtropical jet (Fig. 2) . Since this forcing moreover shifts climatological SSTs in the tropics to the El Niñ o phase (cf., Fig. 1 ), the convection would become more zonally uniform. Such SST change is probably consistent with the weakening of the subtropical jet core in the East Asia (Fig. 4d) . Due to the ice-albedo feedback, the global warming forcing furthermore increases surface temperatures in snow/ice covered areas much more than in lower latitudes. This actually reduces the meridional gradient of land surface temperatures and may reduce zonal-mean storm-tracks (cf., Fig. 2c ).
In contrast with these phenomena, the stationary eddies in response to the global warming is complicated. As the east-west temperature contrast between land and ocean is reduced (Fig. 1c) , the forcing that excites stationary Rossby waves would be reduced. The stationary eddy response is however established as a result of the complicated interactions among zonal-mean wind, lowfrequency eddies, and storm-tracks. It is therefore quite difficult to discuss how the distribution of stationary eddies or storm-tracks are changed in response to the global warming. Actually, Hall et al. (1994) , using a lowerresolution model, suggested that the storm-tracks and the jet are shifted northwards, somewhat different from our results. Considering the model dependence, such difference among the global warming signals in models and a trend in observation indicates that, even though the global warming forcing shifts a climatology to some phase of the leading mode of the current climate, it is quite difficult to estimate which phase is favorable. This is the limitation of our study, and we will examine this issue in the future for the mechanism of the correspondence between global warming and intrinsic patterns.
Finally we note a peculiar characteristic in the western Pacific. In this region, the storm-track becomes more active when the subtropical jet is weakened. This has originally been found in the seasonal march of climatology by Nakamura (1992) , but has also been found in the leading mode both for the model (Fig. 4a) and for the observation (Fig. 4b) , and in the recent trend in observation ( Fig. 4c ; Nakamura et al. 2002) . We in this paper add the suggestion that even the global warming response follows such characteristics (Fig. 4d) . This is apparently contrary to the traditional baroclinic instability theory. Recently Deng and Mak (2005) offer an elegant explanation; i.e., the stabilizing effect of enhanced zonally varying horizontal shear of the basic jet overcompensates the destabilizing effect of enhanced local baroclinicity in midwinter, leading to a reduction of the growth rate of baroclinic eddies. This is viewed as a localized barotropic governor effect. The more detail will be examined in the near future. 
